To gain more insight into ABA signaling mechanisms, we conducted genetic screens searching for mutants with altered ABA response in germination and post-germination growth. We isolated seven putative ABA-hypersensitive Arabidopsis mutants and named them ABAhypersensitive germination (ahg). These mutants exhibited diminished germination or growth ability on medium supplemented with ABA. We further studied four of them: ahg1, ahg2, ahg3 and ahg4. Mapping suggested that they were new ABA-hypersensitive loci. Characterization showed that all of them had enhanced sensitivity to salinity and high osmotic stress in germinating seeds, whereas they each had distinct sugar responses. RT-PCR experiments showed that the expression patterns of the ABA-inducible genes RAB18, AtEm1, AtEm6 and ABI5 in germinating seeds were affected by these four ahg mutations, whereas those of ABI3 and ABI4 were not. ahg4 displayed slightly increased mRNA levels of several ABA-inducible genes upon ABA treatment. By contrast, ahg1 had no clear ABAhypersensitive phenotypes in adult plants despite its strong phenotype in germination. These results suggest that ahg1, ahg2, ahg3 and ahg4 are novel ABA-hypersensitive mutants representing distinct components in the ABA response.
Introduction
Abscisic acid (ABA) is involved in various plant physiological phenomena, including seed dormancy, germination, growth regulation, developmental processes, stomatal closure and responses to environmental stresses such as drought, salt and cold (Leung and Giraudat 1998) . Most ABA signaling mutants have been isolated and characterized on the basis of germination efficiency or post-germination growth of seedlings in the presence of exogenous ABA (Koornneef et al. 1984 , Finkelstein and Somerville 1994 , Cutler et al. 1996 . Arabidopsis ABA-insensitive mutants, abi1 to abi5 and abi8, are able to germinate in the presence of exogenous ABA at a concentration that inhibits germination of the wild type. The ABI1 and ABI2 genes encode protein phosphatase type 2C (PP2C) homologs (Leung et al. 1994 , Meyer et al. 1994 , Leung et al. 1997 . The results obtained from numerous studies of the abi1-1 and abi2-1 mutants and gene products indicate that some PP2Cs act as negative regulators of the ABA signaling pathway (Sheen 1996 , Leung et al. 1997 , Sheen 1998 , Gosti et al. 1999 . ABI3, ABI4 and ABI5 encode different types of transcription factors that regulate embryo development, seed maturation and the ABA response in seed (Giraudat et al. 1992 , Finkelstein et al. 1998 , Finkelstein and Lynch 2000b , LopezMolina and Chua 2000 . Molecular genetic and biochemical studies have revealed that ABI5 is positively regulated by ABI3, presumably through direct interaction (Nakamura et al. 2001 , Lopez-Molina et al. 2002 . Recently, ABI5 was shown to be a key player in ABA-triggered post-germination growth arrest (Lopez-Molina et al. 2001) and to be negatively regulated by an ABI5-interacting protein, AFP, through ubiquitininvolved protein degradation events (Lopez-Molina et al. 2003) . ABI8 seems to be involved in ABA-sugar crosstalk, although its biochemical function is unknown (BrocardGifford et al. 2004 ).
Analysis of ABA-hypersensitive mutants has also offered valuable information on the ABA signaling pathway. Recently, several Arabidopsis ABA-hypersensitive mutants have been reported, including era1, era3, hyl1, abh1, sad1, fry1 and rpn10. These mutants cannot germinate and grow in the presence of exogenous ABA at concentrations that allow the wild type to do so. The ERA1 gene encodes a β-subunit of farnesyl transferase, which is thought to act as a negative regulator of the ABA signaling pathway (Cutler et al. 1996) . Epistasis stud-ies have revealed that ERA1 functions downstream of ABI1 and ABI2, and upstream of ABI3, ABI4 and ABI5 (Brady et al. 2003) . era3 turned out to be allelic to ein2, a strong ethyleneinsensitive locus (Beaudoin et al. 2000 , Ghassemian et al. 2000 . Interestingly, ein2 has been shown to have altered sensitivities to auxins, jasmonate and sugars, suggesting that these hormone-or sugar-response pathways crosstalk among themselves. EIN2 encodes a novel membrane-integrated protein whose function has not yet been elucidated . HYL1, ABH1 and SAD1 encode a double-stranded RNAbinding protein, an mRNA CAP-binding protein and a Sm-like snRNP, respectively. Presumably, these proteins are involved in mRNA processing of some genes that are implicated in the ABA response (Hugouvieux et al. 2001 , Xiong et al. 2001a , Lu and Fedoroff 2000 . The abh1 mutation exhibits additive effects with abi1-1 and era1-2, suggesting that it acts in distinct signaling pathways (Hugouvieux et al. 2001) . RPN10 encodes a component for the 26S proteasome subunit, suggesting that protein degradation is involved in the ABA response. A defect in this gene leads to the abnormal accumulation of ABI5 in seedlings (Smalle et al. 2003 ). An enzyme, encoded by FRY1, that metabolizes inositol-1,4,5-trisphosphate, known as a second messenger, is also required for normal response to ABA (Xiong et al. 2001c) . But despite those studies of the ABA signaling pathway, there are still missing components to be identified. Additional genetic screens are required to expand our knowledge of this pathway.
To gain more insight into the ABA signaling pathway, we attempted to isolate mutants with altered ABA sensitivity by using an acetylenic ABA analog, PBI-51 (Fig. 1a) . Consequently, we isolated seven ABA-hypersensitive mutants named ahg (ABA-hypersensitive germination) that displayed decreased germination and growth efficiency on medium supplemented with PBI-51 and ABA. Detailed analysis of four of the mutants revealed their distinct characteristics in sugar response and expression of ABA-inducible genes. Analysis of these mutants will allow us to identify novel components of the ABA response mechanism.
Results

Isolation of ahg mutants
The ABA analog PBI-51 (Fig. 1a) has the opposite stereochemistry to (-)-(R)-ABA and has been reported to act as an ABA antagonist in the ABA-inducible expression of the genes for napin and oleosin in Brassica napus, in ABA-induced stomatal closure and in the binding of biotinylated ABA to guard cell protoplasts of Vicia faba (Wilen et al. 1993 , Yamazaki et al. 2003 . Presumably, PBI-51 exerts its antagonistic properties through direct competition with ABA at hormone recognition sites in those systems. To determine whether PBI-51 acts as an ABA antagonist in the germination and the post-germination growth of Arabidopsis as well, we examined germination efficiency in the presence of PBI-51 with or without ABA. Unexpectedly, the germination of wild-type seeds was inhibited by treatment with 0.5 µM ABA together with various concentrations of PBI-51, indicating the inability of PBI-51 to inhibit ABA action (Fig. 1b) . In addition, treatment with PBI-51 alone reduced the efficiency of germination and of post-germination growth (Fig. 1b, 2a ). These observations indicate that PBI-51 has agonistic rather than antagonistic effects on the action of ABA on germination and the post-germination growth of Arabidopsis, although its activity seems 100 times weaker than that of ABA. This result implies that PBI-51 has a subtle structure that acts as either an ABA agonist or an ABA antagonist, depending on the activity of some ABA-recognizing component. Therefore, we considered that screening with this ABA analog would allow us to identify components that recognize ABA or PBI-51 and transduce the signal.
In an attempt to identify such loci, we conducted two types of screen. One screen was a search for mutants that germinated and grew in the presence of PBI-51 and ABA, aiming at mutants that recognized PBI-51 as an ABA antagonist. The other was a search for mutants that could not germinate or grow in the presence of PBI-51 alone, aiming at mutants that recognized PBI-51 as ABA more efficiently than the wild type. Although we screened about 500,000 M 2 seeds (54 parental groups) in each screening, using post-germination growth as a physiological marker, we could not obtain any mutants specifically reactive to PBI-51 in either case. Instead, we obtained several putative ABA-insensitive mutants in the former screen (N. Nishimura and T. Hirayama, unpublished results) and putative ABA-hypersensitive mutants in the latter screen. At that time, only two ABA-hypersensitive mutants had been reported, era1 and era3. The era1 mutant has visible phenotypes, such as five petals (Cutler et al. 1996) . era3 has ethylene-insensitive phenotypes (Beaudoin et al. 2000 , Ghassemian et al. 2000 . Our putative ABA-hypersensitive mutants did not have such phenotypes. Therefore, we considered these putative ABAhypersensitive mutants to be novel and decided to study them further.
After retesting ABA hypersensitivity through three generations and backcrossing twice, we selected seven putative mutant lines. Test crosses among those mutants and the wild type revealed that the mutants were not allelic to each other and had single recessive nuclear mutations (data not shown). We named these loci ahg (ABA-hypersensitive germination, ahg1-ahg7). ahg2 was obtained from fast-neutron-mutagenized populations and the others from ethyl methanesulfonate (EMS) mutagenized populations. All the ahg mutants exhibited clearly increased sensitivities to either 20 µM PBI-51 or 0.3 µM ABA in the medium, compared with the wild type (Fig. 2a) . The sensitivities of mutants to PBI-51 and ABA seemed almost parallel. Among them, ahg1, ahg2, ahg3 and ahg4 were more sensitive to PBI-51 and ABA than the others (Fig. 2a, Table 1 ). Hereafter, we describe the characterization of these four ahg mutants.
These ahg mutants were isolated as individuals with enhanced ABA hypersensitivity at post-germination growth. It is possible that radicle emergence and post-germination growth are regulated by distinct mechanisms. Therefore, we examined the effect of ABA on the radicle emergence of ahg1, ahg2, ahg3 and ahg4. Radicle emergence of these four ahg mutants was inhibited in the presence of ABA (Fig. 2b ). This result indicates that the ABA hypersensitivity of radicle emergence is also affected by these mutations. 'Germination' can be defined as radicle emergence (e.g. Russell et al. 2000) or radicle emergence plus expansion of green cotyledons (in other words, post-germination growth) (e.g. Nambara et al. 2002) . In this study, we used the latter definition of germination. The chromosomal positions of these loci were determined by using simple-sequence-length polymorphism (SSLP) markers. ahg1 was located on the bottom of chromosome 5 and linked to AtSO191, ahg2 was located on the center of chromosome 1 and linked to nga280, ahg3 was located on the top of chromosome 3 and linked to nga162, and ahg4 was located on the bottom of chromosome 2 and linked to nga168 (Fig. 3) . None of these loci represented a known genetically identified locus linked with ABA-hypersensitive phenotypes, implying that these four ahg mutants are novel ABA-hypersensitive mutants.
Effect of ahg1, ahg2, ahg3 and ahg4 mutations on seed germination An ABA-hypersensitive mutant, era1, has been reported to have the delayed germination phenotype (Cutler et al. 1996) . To test whether ahg1, ahg2, ahg3 and ahg4 had a similar phenotype, we measured their germination efficiency in the absence of exogenous ABA. ahg1 and ahg3 germinated normally, but ahg2 and ahg4 showed a delay in germination compared with the wild type under normal post-stratification conditions (Fig. 4a) .
Gibberellins (GAs) promote seed germination and act antagonistically to ABA, indicating that the endogenous GA level affects germination efficiency (Nambara et al. 1992 , Koornneef and Karssen 1994 , Steber et al. 1998 ). We performed seed germination assays in the presence of various concentrations of paclobutrazol, a potent GA biosynthesis inhibitor. The germination efficiency of ahg1 was reduced in the presence of 0.1 µM paclobutrazol in the medium. In the presence of 1.0 µM paclobutrazol, the other ahg mutants also showed a larger decrease in germination efficiency than did the wild type (Fig. 4b) . These results indicate that these four ahg mutants have enhanced sensitivity to paclobutrazol.
Salinity and osmotic stress can inhibit growth, development and photosynthesis in the early seedling stage (Hasegawa et al. 2000 , Smeekens 2000 . Some salt-insensitive mutants are allelic to abi4, aba2 and aba3 (Quesada et al. 2000, Xiong et . 2001b , Gonzalez-Guzman et al. 2002 . Therefore, it is important to know whether ahg1, ahg2, ahg3 and ahg4 have enhanced hypersensitivity to salinity and osmotic stress. We performed seed germination assays in the presence of various concentrations of NaCl, KCl or mannitol. The results are summarized in Fig. 5a -c. The germination efficiencies of all four ahg mutants were, compared with the wild type, reduced to a similar extent on medium supplemented with 150 mM NaCl, 150 mM KCl or 200 mM mannitol. These results suggest that all four ahg mutants are more sensitive to salinity and osmotic stress than the wild type.
Sugars such as glucose and sucrose also affect germination. Genetic studies of the sugar response have revealed the complex crosstalk between sugar and ABA signaling pathways (Finkelstein et al. 2002, Leon and Sheen 2003) . To detect the effects of the ahg mutations on the sugar response, we examined the germination efficiencies of the mutants on medium containing various concentrations of sugar. In the presence of glucose, germination efficiencies of the wild type and abi4-1 were reduced more than in the presence of mannitol at the same concentration. For example, 6% glucose (333 mM) inhibited the germination of abi4-1 almost completely (<10%), whereas 400 mM mannitol reduced it to around 50% (Fig. 5c, d ). This inhibition of germination was therefore a glucose-specific effect rather than an osmotic stress effect. On the other hand, the seed germination rate of era1-2 in the presence of glucose was apparently higher than that in the presence of mannitol, indicating that glucose treatment partly rescued the enhanced sensitivity of era1-2 to osmotic stress. ahg1 and ahg4 had a clearly increased sensitivity to 4% glucose in the medium compared with the wild type, whereas ahg2 and ahg3 behaved similarly to the wild type. The responses of ahg1 and ahg4 to glucose could be explained by their enhanced osmotic stress sensitivity. By contrast, the low germination efficiency of ahg2 and ahg3 in the presence of osmotic stress seemed to be rescued by glucose, similarly to that of era1-2. Because these four ahg mutants showed the same sensitivities to osmotic stress, the differences in glucose sensitivity indicate their distinct function in the glucose response. In the presence of sucrose, the germination efficiency of ahg1 was decreased significantly in the presence of 7% sucrose (∼200 mM, Fig. 5e ), whereas those of ahg2, ahg3 and ahg4 were decreased only slightly compared with the wild type. In the light of the enhanced osmotic stress sensitivity of these ahg mutants, addition of sucrose to the plates rescued the enhanced osmotic-stress sensitive phenotypes of ahg2, ahg3 and ahg4. These results indicate that all four ahg mutations affect the sugar response through unique mechanisms.
We examined the relationship between the ABA-insensitive mutant abi1-1 and these four ahg mutants. We crossed abi1-1 with ahg1, ahg2, ahg3 or ahg4, and obtained double mutants. The ABA sensitivity of the double mutants was assessed by the efficiency of germination in the presence of ABA. abi1-1 germinated with high efficiency in the presence of 5.0 µM ABA ( Table 2 ). The wild type and the ahg mutants could not germinate at all in the presence of such a high level of ABA. The ahg1 abi1-1, ahg2 abi1-1 and ahg3 abi1-1 double mutants showed ABA insensitivity stronger than that of each ahg monogenic mutant but weaker than that of the abi1-1 monogenic mutant. The ahg4 abi1-1 double mutant showed almost the same ABA insensitivity as abi1-1. These results indicate that at least ahg1, ahg2 and ahg3 affect the ABA response that involves ABI1.
Effect of ahg1, ahg2, ahg3 and ahg4 mutations on the expression of ABA-inducible genes during germination
The results described above suggest that all four ahg mutations affect the ABA response in seed germination. To confirm this idea, we assessed the ABA responses of these mutants at the molecular level. We examined the expression patterns of the ABA-inducible genes RAB18, AtEm1 and AtEm6 during germination (Lopez-Molina et al. 2001 , LopezMolina et al. 2002 , Ogawa et al. 2003 . Total RNAs were extracted from dry seeds, seeds at the end of stratification or seeds incubated on MS plates supplemented with or without 0.5 µM ABA for 1 or 3 d after stratification (Fig. 6a ). Using these RNAs as templates, first-strand cDNA was synthesized and used for RT-PCR experiments. In the wild type, the mRNA levels of the ABA-inducible genes RAB18, AtEm1 and AtEm6 were higher in dry seeds and reduced after stratification and a 3-d incubation, consistent with previous results (e.g. Lynch 2000b, Lopez-Molina et al. 2002) . After stratification and incubation for 1 d without ABA (Fig. 6 , lane C), mRNA was reduced to undetectable levels in the wild type under the PCR conditions used, but treatment with ABA induced the accumulation of mRNA for the inducible genes (Fig. 6, lanes E, F) . Upon ABA treatment, the mRNA levels of RAB18 and AtEm1 increased more in the four ahg mutants than in the wild type. In ahg1 and ahg3, the mRNA level of AtEm6 was also increased. These results indicate that all four ahg mutants are hypersensitive to ABA at the transcription level of ABA-inducible genes.
Three transcription factors, ABI3, ABI4 and ABI5, are implicated in the control of seed development and germination. Analyses of those factors have illustrated their synergic and individual roles in the control of seed development and germination (Parcy et al. 1994 , Soderman et al. 2000 , LopezMolina et al. 2001 . We examined the expression of these genes in germinating seeds using the same experimental procedures 100.0±0 85.2±2.4
as described above. In the absence of ABA, ABI5 mRNA levels were not different between the wild type and the ahg mutants, from dry seeds to germinated seedlings. However, mRNA for ABI5 in germinating seeds treated with ABA for 3 d was apparently more abundant in ahg1 and ahg3 than the wild type (Fig. 6, lanes E, F) . In contrast, there were no obvious differences in the mRNA levels of ABI3 and ABI4 between the ahg mutants and the wild type, regardless of the presence of ABA. The relatively high levels of ABI3 and ABI4 mRNAs in ahg2 seeds after 1-d incubation without ABA (Fig. 6 , lane D) might be due to the delayed germination phenotype of this mutant (see Fig. 4a ).
Responses of ahg1, ahg2, ahg3 and ahg4 seedlings to ABA or other phytohormones As described above, it is obvious that these four ahg mutations affected germination and post-germination growth. Next, we examined whether ahg1, ahg2, ahg3 and ahg4 were ABA hypersensitive in the later developmental stages by monitoring root growth in the presence of ABA. Exogenous ABA has an inhibitory effect on root growth (Himmelbach et al. 1998) . Initially, we measured the elongation of primary roots during days 5 to 9 after the beginning of incubation in the absence of ABA. The results are summarized in Table 3 . The primary root lengths of ahg1, ahg3 and ahg4 were indistinguishable from that of the wild type. By contrast, ahg2 seedlings had clearly shorter primary roots. In the presence of ABA, the root elongation of ahg2 was slightly more reduced than in the wild type, whereas those of the other ahg mutants were the same as in the wild type (Fig. 7a) .
The inhibitory effect of ABA on root growth involves the ethylene and auxin responses; this statement is supported by the fact that an ethylene-insensitive mutant, ein2, is characterized as an ABA-hypersensitive mutant (Beaudoin et al. 2000 , Ghassemian et al. 2000 . Mutants defective in their responses to other plant hormones such as brassinosteroid or jasmonic acid exhibit altered ABA sensitivities (Finkelstein and Lynch 2000b) . We next examined whether the growth of these ahg mutants was affected by other phytohormones, i.e. α-naphthalene acetic acid (NAA), 6-benzylamino purine (BA), 1-aminocyclopropane-1-carboxylate (ACC, an ethylene precursor), epibrassinolide (BL) and GA 3 . Initially, we measured the hypocotyl lengths of mutant seedlings grown for 9 d in light or for 5 d in darkness in the absence of any plant hormones. In light, the hypocotyl lengths of ahg2 seedlings were clearly shorter than those of wild-type seedlings, but those of ahg1, ahg3 and ahg4 were similar to those of the wild type (Table 3) . This result seems correlated with that for root elongation. In darkness, the hypocotyl lengths of ahg2, ahg3 and ahg4 seedlings were shorter than that of the wild type, whereas those of ahg1 and the wild type were very similar (Table 3 ). The inhibitory effects of NAA, BA and ACC on root growth and hypocotyl elongation of these ahg mutants were not significantly different from those on the wild type ( Fig. 7b-d) . In darkness, the growth of ahg3 was inhibited slightly more severely than that of the wild type in the presence of BL, whereas ahg1, ahg2 and ahg4 behaved similarly to the wild type (Fig. 7e) . However, in light, the hypocotyl elongation of ahg3 was not affected by BL (data not shown). In terms of hypocotyl elongation in the presence of GA 3 , all four ahg mutants behaved similarly to the wild type (Fig. 7f) . Therefore, ahg1 and ahg4 seedlings have no clear abnormal responses to exogenous plant hormones, whereas ahg2 and ahg3 show slightly enhanced sensitivity to ABA and BL in darkness, respectively.
Expression of ABA-inducible genes in adult plants
We used Northern blot analysis to examine the expression patterns of four ABA-and stress-inducible genes, RAB18, RD29A, RD29B and P5CS, in ahg1, ahg2, ahg3 and ahg4 plants in response to exogenous ABA (Lang and Palva 1992 , Yamaguchi-Shinozaki and Shinozaki 1993 , Yoshiba et al. 1995 . Total RNAs were extracted from 3-to 4-week-old plants treated with 50 µM ABA for 0, 2 or 10 h after incubation in water for 2 h. At 0 h, there was very little mRNA of ABA-and stress-inducible genes in ahg or wild-type plants (Fig. 8) . Upon ABA treatment, mRNAs for the ABA-and stress-inducible genes had accumulated similarly in ahg1, ahg2, ahg3 and wildtype plants, whereas slightly more seemed to be accumulated in ahg4.
Discussion
Screening with plant hormone analogs
As discussed in a recent review, unnatural chemical products are powerful tools for identifying new loci (Blackwell and Zhao 2003) . ABA analogs have been used to study ABA metabolism and perception, supporting the hypothesis that multiple ABA-recognizing components have different structural requirements for activity in different response pathways (Walker-Simmons et al. 1992 , Wilen et al. 1993 , Abrams et al. 1997 , Asami et al. 1998 , Qi et al. 1998 . Screening with an ABA enantiomer has enabled the identification of new ABA-insensitive loci on the basis of germination efficiency (Nambara et al. 2002) .
Among several ABA analogs, PBI-51 has been shown to act as an ABA antagonist, at least in expression of the genes for napin and oleosin in B. napus, in ABA-induced stomatal closure, and in inhibition of the binding of biotinylated ABA to guard cell protoplasts of V. faba (Wilen et al. 1993 , Yamazaki et al. 2003 . However, in our experiments, PBI-51 seemed to act as an ABA agonist rather than an antagonist when applied to Arabidopsis and cress seed, although its inhibitory activity was much lower than that of ABA (Fig. 1b , Table 1 ; and T. Asami, unpublished results). These results confirm the previous indication that each ABA-recognizing component has its own preference for ligands and further imply that PBI-51 has a subtle structure that enables it to act as an ABA antagonist or agonist, depending on the nature of the ABA-recognizing components. Theoretically, a mutant with an altered ABA recognition specificity can be obtained by using such analogs. We conducted two types of screening search for mutants that could not germinate in the presence of PBI-51 or could germinate and grow in the presence of ABA and PBI-51. We were unable to obtain any mutants dependent on this analog, but instead we found simple ABA-hypersensitive or -insensitive mutants.
A mutant with altered ligand specificity can be expected to have a mutation in the gene involved in ligand recognition. If a mutation were to lead to relaxed ligand specificity, it would be a gain-of-function type mutation and should give a dominant phenotype. All the ahg mutations, however, turned out to be recessive and gave enhanced sensitivity to ABA as well as PBI-51 (Fig. 2a, Table 1 ). Therefore, it is more likely that all the ahg mutants are ABA-hypersensitive mutants rather than mutants with altered ligand specificities of ABA-recognizing components.
To date, several ABA-hypersensitive mutants have been reported. However, ahg1, ahg2, ahg3 and ahg4 do not seem to be allelic to previously discovered ABA-hypersensitive loci identified by genetic screens, such as era1, era3, hyl1, abh1, sad1, fry1 and rpn10, on the basis of their chromosomal positions (Fig. 3) . The fact that we obtained only new mutants might simply reflect the unsaturated isolation of ABA-hypersensitive mutants. Alternatively, our screening methods might influence the types of mutant obtained. Deep dormancy mutants like comatose (Russell et al. 2000) or strongly ABAhypersensitive mutants might have been missed by our methods. Indeed, era1-2 could not germinate in a few days on an MS plate under the screening conditions (data not shown).
ABA-hypersensitive phenotypes of ahg mutants at the germination stage
It has been speculated that ABA sensitivity in germination (and post-germination growth) is affected by many factors, including developmental regulation (or seed dormancy), amount of GA or ABA production, and sensitivity to GA or ABA. Furthermore, stress response also affects germination and post-germination growth (Lopez-Molina et al. 2001) .
GA and ABA play antagonistic roles in regulating seed germination. The germination efficiencies of four ahg mutants were reduced in the presence of paclobutrazol (Fig. 4b) . Therefore, it might be possible that all four ahg mutants are GAdeficient mutants. However, the effect of GA on elongation of the hypocotyl did not differ between these four ahg mutants and the wild type (Fig. 7f) . In addition, none of the four ahg mutants displayed GA-insensitive or -deficient phenotypes such as dark green leaves, loss of apical dominance or dwarf stature in adult plants (data not shown). Therefore, it is unlikely that these ahg mutants are GA-related mutants.
The abi1-1 mutant has strong ABA insensitivity, not only in germination but also in adult plants. Detailed analysis of this mutant revealed that ABI1 PP2C functions near the top of the ABA signaling pathway (for review, see Finkelstein et al. 2002) . Interestingly, ahg1, ahg2 and ahg3 partly suppressed the abi1-1 phenotype (Table 2) , as abh1 did (Hugouvieux et al. 2001) . These results indicate that ahg1, ahg2 and ahg3 affect the ABA response downstream of ABI1. Because the effects of these ahg mutations seemed partial, the AHG gene products might function in part of the ABA response pathway. Alternatively, these mutations might be leaky. It should be noted that ahg1 abi1-1 seemed to be more hypersensitive to ABA than ahg3 abi1-1, whereas ahg3 displayed more enhanced ABA sensitivity than ahg1 (Table 1 , 2). This difference in the effect Fig. 8 Northern blot analysis of ABA-and stress-inducible genes in adult plants. Each lane was loaded with 20 µg of total RNA isolated from 3-to 4-week-old plants of the wild type (WT) or ahg mutants that had been incubated for 2 h in water before treatment with 50 µM ABA for 0, 2 or 10 h. The TUBULIN1 gene was used as a loading control.
on the abi1-1 phenotype might reflect their distinct relations to ABI1. The ahg4 mutant did not have any clear effects on the abi1-1 phenotype. This results might imply that AHG4 functions at, or upstream of, ABI1. Alternatively, this might be explained simply by the weakness of this mutant phenotype, or ahg4 might function in a pathway that is not affected by abi1-1.
Several LEA genes, AtEm1, AtEm6 and RAB18, have been used as markers to monitor the developmental process and the ABA response of seeds. Our RT-PCR experiments revealed that all the ahg mutations affected the expression of these genes upon ABA treatment during germination (Fig. 6) . The mRNA levels of RAB18 and AtEm1 were clearly higher in all four ahg mutants than in the wild type. By contrast, the mRNA level of AtEm6 was affected only in ahg1 and ahg3. These observations suggest that all four ahg mutants somehow affect the ABA response mechanisms of ABA-inducible gene expression, and that the effects on the ABA response are different between them. Although the regulatory mechanisms for these LEA genes are not fully understood, synergic and distinct roles of ABI3, ABI4, and ABI5 within them have been proposed (Parcy et al. 1994 , Soderman et al. 2000 , Lopez-Molina et al. 2001 . Recent studies have shown that ABI5 is deeply involved in the expression of AtEm1 and AtEm6. Interestingly, expression of ABI5 was also affected in only ahg1 and ahg3, as for AtEm6. This result might imply that the regulation of AtEm6 is more dependent on ABI5 than that of AtEm1.
Recently, Lopez-Molina et al. (2002) demonstrated that the growth arrest of germinating seeds by ABA is dependent on ABI3 and ABI5 functions. Once a seedling passes the checkpoint for growth arrest, ABA treatment cannot induce ABI5 expression and consequently fails to arrest the growth of the seedling. Upon treatment with ABA before the checkpoint, ABI5 is up-regulated in an ABI3-dependent manner and induces the expression of seed-specific genes such as AtEm1 and AtEm6. Therefore, it can be postulated that at least the ahg1 and ahg3 mutations somehow increase the ABA-inducible expression of ABI5, in turn potentiating the ABA response. Previous reports have shown that abi5 does not affect the expression of RAB18, suggesting that RAB18 is not controlled by ABI5 Lynch 2000b, Lopez-Molina and Chua 2000) . Because the expression of RAB18 was increased in all four ahg mutants, the increased mRNA level of ABI5 is not the sole determinant of enhanced ABA sensitivity in germination and in post-germination growth of the ahg mutants. Such differences in the gene expression pattern may reflect differences in the pathway by which, or the point at which, each AHG functions.
Adult-stage phenotypes of the ahg mutants
We examined the ABA responses of the ahg mutants in adult plants by testing the sensitivity of the primary root to ABA and the accumulation of ABA-inducible transcripts upon ABA treatment. Only the ahg2 root displayed a subtly enhanced sensitivity to ABA (Fig. 7a) . The ABA-inducible accumulation of mRNAs for RAB18, RD29A, RD29B and P5CS were increased only slightly in ahg4 compared with the wild type, and they were unchanged in the other three ahg mutants (Fig. 8) . These results indicate that the ahg2 and ahg4 mutations have distinct effects on the ABA response in adult plants, although the adult phenotypes seemed weaker than the phenotypes in germination (Table 4) .
ahg2 mutant plants displayed a weakly enhanced sensitivity to ABA in root elongation. However, Northern blot analysis revealed that the expression of ABA-inducible genes was not affected by ahg2. In ahg4, although the mRNA levels for those genes were slightly but clearly higher than in the wild type upon ABA treatment, this mutant did not show any adult phenotypes. These discrepancies between the adult phenotypes and the results of Northern blot analyses seem to be difficult to explain. However, because the ABA signalling pathway seems (Hugouvieux et al. 2001) . To determine how these ahg mutations affect the ABA response, detailed analysis of comprehensive transcriptional characterization may be required, as well as the identification of mutated genes. We failed to observe any adult phenotypes of the ahg1 mutant, although this mutant displayed clearly increased ABA sensitivity in germination. Several lines of evidence suggest that some components of the ABA response differ between seeds and adult plants. abi3, abi4 and abi5 have clearly stronger effects in germination than in adult plants (for review, Finkelstein et al. 2002) . Conversely, a defect in OST1/SRK2E causes ABA insensitivity of stomata, but does not affect the ABA sensitivity of seeds (Yoshida et al. 2002) . Therefore, it is reasonable to expect the existence of ABA-hypersensitive mutants in which only germination is affected. ahg1 could be such a mutant.
Effect of ahg mutations on the crosstalk between ABA and other signal responses
ABA is involved in the response to several abiotic stresses, such as salinity and drought. This idea is supported by the results of genetic studies showing that several salt-responsedefective loci are allelic to abi4, aba2 and aba3 (Quesada et al. 2000 , Xiong et al. 2001b , Gonzalez-Guzman et al. 2002 . Therefore, it is not surprising that all four ahg mutants analysed in this study displayed enhanced sensitivity to salinity and osmotic stress. The sensitivities of four ahg mutants to NaCl, KCl and mannitol in germination did not differ (Fig. 5a-c) , implying that interaction between response to ABA and response to salinity and osmotic stress is tighter or simpler than other crosstalks such as the one between sugar and ABA (see below).
Some sugar-insensitive mutants have turned out to be allelic to known ABA-related loci (e.g. abi4 to gin6/sun6 and aba2 to gin1Iisi4), suggesting crosstalk between ABA and sugar responses in seed germination (Finkelstein et al. 2002, Leon and Sheen 2003) . The crosstalk between ABA and sugar responses is also supported by the fact that glucose treatment affects the ABA content of seeds and seedlings (Price et al. 2003) . However, the interaction between the two responses seems quite complicated. ABA-biosynthesis-defective mutants and several ABA-insensitive mutants, including abi4 and abi5, show sugar-insensitive phenotypes, whereas other ABA-insensitive mutants (abi1-1, abi2-1 and abi3-1) do not (ArenasHuertero et al. 2000) . In addition, specific alleles of abi3 show altered sugar sensitivities that are not correlated with the strength of ABA insensitivity (Nambara et al. 2002) . Furthermore, glucose at a lower concentration (∼3%) relieves the inhibitory effect of ABA on radicle emergence and post-germination growth Lynch 2000a, Price et al. 2003) . Our results showed that the germination efficiencies of ahg2 and ahg3 were relieved to levels similar to those in the wild type by glucose, whereas those of ahg1 and ahg4 were not (Fig. 5d) . This difference in glucose response among these four ahg mutants was not correlated with their ABA sensitivities (Table, Fig. 5d ). Furthermore, there was no correlation between responses to glucose and those to sucrose. These observations again support the idea that each AHG functions at a different point or in a different pathway in the ABA response, and they indicate that glucose and sucrose signaling pathways crosstalk with the ABA response through some separate pathways, not just overlapping pathways. The latter idea is consistent with the finding that glucose and sucrose have distinct signaling pathways (Chiou and Bush 1998, Rook et al. 2001) . Molecular cloning and analysis of these AHG genes will allow us to dissect the crosstalk between sugar and ABA responses.
Conclusion
In summary, we isolated seven novel Arabidopsis ABAhypersensitive mutants named ahg by using an ABA analog. Detailed characterization of four ahg mutants revealed that they represent new loci and vary in sensitivity to ABA, response to sugars, expression pattern of ABA-responsive genes in germinating seeds and adult phenotypes (Table 4) . Our results indicate that these four AHG products function at different points or in different pathways in the ABA response. Cloning and characterization of the AHG genes will provide additional information on the ABA response in germination.
Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana (L.) Heynh. ecotypes Columbia (Col) and Landsberg erecta (Ler) were used. Plants were grown on MS plates containing 1× Murashige and Skoog salt mix, 2% sucrose, 2.5 mM MES (pH 5.8) and 0.8% agar, or on No. 2 Sashiki soil (Kakiuchi Co. Ltd., Tokyo, Japan). All sown seeds were first stratified at 4°C for 4 d and then transferred to a growth chamber (22°C with a 16-h light-8-h dark cycle), unless otherwise indicated. Seeds for era1-2 and abi4-1 were a gift from Dr. Nambara of RIKEN.
Mutant screening and genetic analysis
EMS-mutagenized M 2 seeds were obtained as follows. Seeds were treated with 0.3% EMS for 16 h at room temperature (∼2,000 seeds per parental group), washed extensively with water and sown on soil. M 2 generation seeds were separately harvested and formed independent pools. Fast-neutron-treated M 2 seeds were purchased from Lehle Seeds (Round Rock, TX, U.S.A.). To isolate mutants, we sowed approximately 5,000 M 2 seeds of each parental group on 150-mm MS plates containing 20 µM PBI-51. PBI-51 was synthesized by the method of Lamb and Abrams (1990) . After a 4-or 5-d incubation, ungerminated seeds were transferred to MS plates, and individuals that germinated and grew in a few days were selected. We considered germinated seedlings to have green expanded cotyledons. After three retests, the candidate mutants were backcrossed at least twice before physiological and molecular characterization.
For mapping of the ahg loci, PCR-based markers such as SSLP were used for linkage analysis (Bell and Ecker 1994) . The ahg mutants were crossed with Ler, and F 2 progeny were obtained. ABAhypersensitive individuals were selected on medium containing 0.2 µM ABA and were germinated and grown on normal medium. Isolation of genomic DNA and PCR conditions were as described previously . For the epistatic analysis, ahg mutants (ecotype Col) were crossed with abi1-1 (ecotype Ler), and F 2 progeny were obtained. Plants homozygous for abi1-1 were identified by PCR amplification and NcoI digestion of DNA fragments (Leung et al. 1997) .
Germination and growth assays
For germination assays, approximately 50 seeds each were sown on MS plates containing various concentrations of PBI-51, ABA (Sigma-Aldrich Japan, Tokyo, Japan), paclobutrazol (Wako Pure Chemical Industries Ltd, Osaka, Japan), NaCl, KCl, mannitol, glucose or sucrose. Seedlings with green and expanded cotyledons were scored daily for 5 or 7 d. For the root growth inhibition assay, 10 seedlings were germinated and grown on hormone-free medium for 5 d and then transferred to medium containing various concentrations of ABA, NAA (Wako Pure Chemical Industries) or BA (Wako Pure Chemical Industries) for 4 d (Ephritikhine et al. 1999) . To examine the efficiency of inhibition of hypocotyl elongation, 10 seedlings were germinated and grown on MS plates containing various concentrations of ACC (Sigma-Aldrich Japan) or epibrassinolide (Sigma-Aldrich Japan) for 5 d in darkness. To measure hypocotyl elongation, 20 seedlings were germinated and grown on MS plates containing various concentrations of GA 3 (Sigma-Aldrich Japan) for 9 d in light.
Reverse transcription-polymerase chain reaction (RT-PCR) experiments
Total RNA was isolated according to a method described by Ausubel et al. (1987) . Seeds were treated at 4°C for 4 d (day 0) on a filter membrane placed on an MS plate, then transferred to a hormonefree MS plate or an MS plate containing 0.5 µM ABA and incubated for 1 or 3 d. First-strand cDNA was synthesized from 1 µg total RNA, pretreated with RQ1 RNase-free DNase (Promega, Madison, WI, U.S.A.), using a ReverTra Dash RT-PCR kit (Toyobo) with random hexamer, according to the manufacturer's instructions (Toyobo). Semiquantitative RT-PCR was performed with 1/40 of the first-strand reaction mix, with the following gene-specific primers: ABI3-F (5′-GAGACAAGAAGACCAGGTCG-3′) and ABI3-R (5′-GATGAGAC-AAGAACCTCCTC-3′); ABI4-F (5′-GTCACGTGCTCAGCTCAAC-3′) and ABI4-R (5′-CCTCATGATGAAACGAAGTC-3′); ABI5-F (5′-TGTAATACCCGCAGCTGCAC-3′) and ABI5-R (5′-GTGGACAA-CTCGGGTTCCTC-3′); RAB18-F (5′-ATCCAGCAGCAGTATGACG-AGT-3′) and RAB18-R (5′-ACCGGGAAGCTTTTCTTGATC-3′); AtEm1-F (5′-CAGAGAAGAGCTTGATGAGA-3′) and AtEm1-R (5′-GCTACATTAGACCCTAGTTA-3′); AtEm6-F (5′-GTGTAAGTAACT-AAAGAGCC-3′) and AtEm6-R (5′-ACGAGACACTTTACGTAGAC-3′); and 18S-rRNA-F (5′-AGCCATGCATGTGTAAGTATGA-3′) and 18S-rRNA-R (5′-CAAGGTTCAACTACGAGCTT-3′). PCR conditions were first 95°C for 90 s and 20-28 cycles of 95°C for 15 s (denaturation), 55°C for 10 s (annealing), 72°C for 60 s (elongation), and finally 72°C for 5 min. ABI3, ABI4, ABI5, RAB18, AtEm1 and AtEm6 were amplified for 28 cycles. The transcript of the 18S rRNA gene amplified for 20 cycles was detected as an internal control.
Northern blot analysis
Three-to four-week-old plants grown on MS plates were incubated for 2 h in water and then treated with 50 µM ABA for 0, 2 or 10 h. Approximately 20 µg total RNA was separated in 1.2% agarose gel containing formaldehyde and transferred to a Hybond-N+ nylon membrane (Amersham Bioscience K.K., Tokyo, Japan). The membranes were hybridized at 60°C overnight in Church buffer (7% SDS, 0.5 M sodium phosphate buffer pH 7.2, 10 mM EDTA), washed once with 2× SSC, 0.1% SDS for 10 min and twice with 0.2× SSC, 0.1% SDS for 20 min at 65°C, and then autoradiographed.
